Abstract Vanda Mimi Palmer (VMP) is a highly sought as fragrant-orchid hybrid in Malaysia. It is economically important in cosmetic and beauty industries and also a famous potted ornamental plant. To date, no work on fragrance-related genes of vandaceous orchids has been reported from other research groups although the analysis of floral fragrance or volatiles have been extensively studied. An expressed sequence tag (EST) resource was developed for VMP principally to mine any potential fragrance-related expressed sequence tag-simple sequence repeat (EST-SSR) for future development as markers in the identification of fragrant vandaceous orchids endemic to Malaysia. Clustering, annotation and assembling of the ESTs identified 1,196 unigenes which defined 966 singletons and 230 contigs. The VMP dbEST was functionally classified by gene ontology (GO) into three groups: molecular functions (51.2%), cellular components (16.4%) and biological processes (24.6%) while the remaining 7.8% showed no hits with GO identifier. A total of 112 EST-SSR (9.4%) was mined on which at least five units of di-, tri-, tetra-, penta-, or hexa-nucleotide repeats were predicted. The di-nucleotide motif repeats appeared to be the most frequent repeats among the detected SSRs with the AT/TA types as the most abundant among the dimerics, while AAG/TTC, AGA/TCT-type were the most frequent trimerics. The mined EST-SSR is believed to be useful in the development of EST-SSR markers that is applicable in the screening and characterization of fragrance-related transcripts in closely related species.
Introduction
Tropical Asia is the place of origin for vandaceous orchids. They are widely distributed in the hills of India, Burma, Thailand, Malaysia, Indonesia, New Guinea and the Philippines. The name 'vanda' came from the Sanskrit word meaning 'epiphyte' [1] .
Vanda Mimi Palmer is a hybrid of Vanda Tan Chay Yan and Vanda tessellate (The Royal Horticultural Society). It inherits the terrate-shaped and tri-colour flower of Vanda Tan Chay Yan and the floral scent characteristics of Vanda tessellate. Vanda Mimi Palmer was acclaimed the most fragrant orchid by the Royal Horticultural Society of Thailand in 1993 (www.chaoprayaorchid.net/html/awards. html). Its level of fragrance emission is high during daylight hours at the open flower stage but undetectable at night [2, 3] . Due to its sweet fragrance, Vanda Mimi Palmer is a popular ornamental plant cultivated in Malaysia for potted plant production. Each matured potted plant cost approximately 50-200 Malaysian Ringgits. It blooms throughout the year (once every 10-12 weeks) and is highly sought after in cosmetic and beauty industries.
Previously, our research group had constructed a floral cDNA library of Vanda Mimi Palmer to facilitate the identification of fragrance-associated genes. From the cDNA library, we generated an EST resource for Vanda Mimi Palmer comprising 2,132 expressed sequence tags (ESTs). The 1,196 unigenes obtained from VMPEST were used to mine for simple sequence repeats (SSRs).
EST is a rapid and efficient method to discover novel genes, understand gene expression and regulation patterns of different tissues or developmental stages. It is generated by sequencing the 5 0 -or 3 0 -end of randomly isolated cDNA clones. EST provides database sequences for the development of genetic markers which are useful in genome mapping construction [4] [5] [6] . To date, ESTs have been generated from many plant species including Phalaenopsis equestris [7] , Medicago truncatula [8] , Elaeis guineensis [6] , Triticum aestivum L. [9] and Stenogyne rugosa [10] . The publicly available ESTs databases are expected to increase exponentially over the coming years. There were 67,122,842 ESTs public entries from more than 2000 different organisms in the dbEST summary released on November 1, 2010 (www.ncbi.nlm.nih.gov/dbEST/dbEST_ summary.html). Considering that the only reported ESTs (130 ESTs) of Vanda hybrid orchid are from our research group and that the dbEST for orchids is limited to National Centre for Biotechnology Information (NCBI), the VMPEST generated in this study can enrich the GenBank database resources for orchids, especially in Vanda genus.
Among the various types of molecular markers available for genetic and genomic analyses, SSRs are the simplest and best tools [11] . SSRs or also known as microsatellites are stretches of DNA consisting of tandem repeated short units of one to six nucleotides unique for its multi-allelic nature, co-dominant mode of inheritance, relative abundance, vast coverage of the genome (protein-coding regions, UTRs and introns), and easy detection by PCR using two unique primers flanking the defined SSR locus [12] . For EST-SSRs located in coding regions, they are highly conserved among closely related species [13] , which makes them useful for comparative analysis through genome alignment linkage with closely related species [14] .
Conventional methods of generating microsatellite markers from genomics are time-consuming and labourintensive. Recent developments of in silico mining of microsatellite sequences from DNA-sequence databases (using microsatellite search tools) have replaced previous techniques [15] . ESTs facilitate the development of EST-SSR markers in a simple and direct way through data mining of EST databases. EST-SSR markers are useful in linkage mapping studies, resistance breeding and comparative genomics. These aid the researchers in the assessment of their potential for diversity analysis of agricultural important crops and species [16] . The establishment of EST-SSR markers, however, has been limited by the availability of EST database for each plant species [17] .
The first attempt to derive EST-SSR marker was performed by Miyao [18] in rice.
Ever since then, the use of EST-SSR derived markers have been reported for many plants species [17, 19, 20] . However, the molecular work for orchids especially on EST and SSR are limited to Dendrobium [20] , Phalaenopsis [21, 22] and Vanda [23] . Phuekvilai et al. [23] discovered 270 SSRs from 33 cultivars of Vanda and related orchid species using SSRs enrichment method, followed by PCR characterization. In this study, we report the generation of a fragrance-genes-enriched EST resource for Vanda Mimi Palmer, and the mining of potential fragrance-related EST-SSR.
This resource may help to identify of fragrant vandaceous orchids endemic to Malaysia since it is impossible to identify fragrant species based on leaf morphology alone and the flowers are not always available as well.
Materials and methods

EST development and sequencing
The Vanda Mimi Palmer cDNA library used in this study was constructed by Chan [2] . Mass excision was performed according to the procedure provided by the manufacturer (Stratagene) in order to convert the lambda-phage cDNA library (ZAP XR vector) into plasmid (pBluescript SK-). Single colonies of Escherichia coli strain SOLR with the excised phagemid were picked and used for colony PCR. Reverse-northern blotting and hybridization [24] were carried out to eliminate transcripts of cymbidium mosaic virus (CyMV) infection. Non-CyMV cDNA clones were then randomly chosen for manual plasmid DNA isolation using the alkaline lysis method [24] and following the protocols provided in the DNA-spin Plasmid DNA Purification Kit (iNtRON Biotechnology, Inc). Purified plasmids were sequenced by Macrogen Inc. (Korea) using the T3 (5 0 -ATTAACCCTCACTAAAG-3 0 ) primer.
Sequence processing, analyses and annotation
All the sequences were quality checked and analyzed using a desktop cDNA Annotation System (dCAS) available at http://exon.niaid.nih.gov which was developed by the Bioinformatics and Computational Biosciences Branch (BCBB) and Laboratory of Malaria and Vector Research (LMVR) [25] . The dCAS components include an initiator (input of raw cDNA sequences in FASTA,.ab1 or.esd file formats), a stripper (Univec) to filter out low quality sequences such as primer or vector contamination, Cluster (BLAST and Cap 3 [26] -to assemble and annotate the contigs with BLAST results from multiple sequences databases), Signal P, TMHMM, GenBlast, and the final viewed results in a Microsoft Excel worksheet. Each EST was assigned to its putative functions based on their highest scores to BLASTX. Sequences with E-value less than 10
and scores more than 50 were designated as 'significant similarity matches' and were clustered and annotated. The Gene Ontology (GO) scheme available at dCAS was used to functionally characterize the Vanda Mimi Palmer dbEST sequences.
The Vanda Mimi Palmer EST sequences were submitted to the EST database (http://www.ncbi.nlm.nih.gov/dbEST/) with the GenBank accession numbers GW392495-GW394626 and dbEST id numbers 68671337-68673468. The percentage of redundancy was calculated as (total number of EST-TUG)/total number of ESTs 9 100%, where TUGs (tentative unique genes) are designated as TUCs (tentative unique contigs) and TUS (tentative unique singleton) (TUG = TUC ? TUS) [27] .
In silico identification of simple sequence repeat (SSR)-containing ESTs A total of 1,196 Vanda Mimi Palmer unigenes was used for SSR mining. The Simple Sequence Repeat Identification Tool (SSRIT), available at URL: http://www.gramene.org, was used to identify, localize and characterize the microsatellite motifs. The script used the sequences uploaded in FASTA-formatted files and presented the located SSR motifs, number of repeats and sequence coordinates for each SSR. This search tool can be used to identify SSRs in different lengths of cDNA sequences varying in sizes from a few hundred nucleotides up to Mb. It only detects all perfect simple sequence repeats in a given sequence by selecting two search parameters, the maximum motiflength group (less than or equal to a hexamer) and the minimum number of repeats (more than or equal to five repeats). If a contig comprised more than two identical sequences, the EST with the longest sequence was used for further analysis.
Results and discussion
Features of generated ESTs
In order to develop an EST database for Vanda Mimi Palmer, a floral cDNA library was created from fully opened-flowers at different time-points and different developmental stages. All cDNA clones with the inserts size of 0.5-1.6 kb were mass excised and sent for singlepass 5
0 -sequencing to generate a total of 2,132 ESTs. The sequences were deposited into GenBank with the accession numbers GW392495-GW394626. A total of 1,196 unique gene sequences (unigenes), consisting of 966 singletons and 230 contigs, were obtained from the VMPEST assembly using the desktop cDNA Annotation System (dCAS). Each unigene has an average length of 760 base pairs. The redundancy of the VMPEST was approximately 43.9%.
Around 19 unigenes (1.6%) that encode cymbidium mosaic virus were found in the VMPEST and these were excluded from subsequent analyses (data not shown). Tsai et al. [7] reported a high expression level of cymbidium mosaic virus RNA-dependent RNA polymerase transcripts in Phalaenopsis flower buds. It is dominant and extremely stable in orchidaceae including Vanda Mimi Palmer. Hence, it was deemed necessary that reverse-northern analysis was carried out in this study to minimize or eliminate contamination of viral transcripts.
Functional annotation and classification of VMPEST Following BLASTX searches, the ESTs were clustered into three categories: ''no significant'' (10%), ''known function/ putatively identified proteins'' (65.4%) and ''unknown, unnamed, hypothetical protein'' (24.6%) ( Table 1) . ''Putative identified protein'' including sequences homologous to those in NCBI database, with BLASTX score bits equal or more than 50 and E-values less than 10 -5 . Proteins with ''unknown functions'' include those unnamed, unknown and hypothetical proteins while the sequences with ''no matches'' were considered as novel and may have specific roles in orchids. Around 92% of the ESTs match the proteins from plants after BLAST algorithm search at NCBI. Approximately 3.1% of the VMPEST hits the orchid species including dendrobium, phalaenopsis, oncidium, Aerides japiona, vanda hybrids and Aranda Deborah. Hits to non-plant organisms such as Escherichia coli, Homo sapiens, Digitalis cariensis, Ciona intestinalis, Geobacter uraniireducens Rf4, Ostreococcus tauri, Human immunodeficiency virus were rare (0.6%) ( Table 1) . The ESTs that hit with ''known function/putatively identified protein'' were further analyzed using Kyoto Encyclopedia of Genes and Genomes (KEGG) (http:// www.genome.ad.jp/kegg/) pathways and comparison was done with the three major biosynthesis pathways of volatiles: phenylpropanoids, fatty acid derivatives and terpenoids. They are thus classified into three major categories: terpenes, lipid derivatives and aromatic compounds. Some of the interesting fragrance-related transcripts found in VMPEST are listed in Table 2 . While for those VMPEST that fall in the category of ''unknown, unnamed, hypothetical protein'', functional characterization on those genes is required to help in the discovery of novel fragrance-related transcripts.
The unigenes were initially grouped into three categories: molecular functions (51.2%), cellular components (16.4%) and biological processes (24.6%). The remaining 7.8% showed no similarities to any proteins or unclassified with GO identifier. This could be due to the sequences being too short, incomplete or are novel proteins of the known database. Details of the functional annotations are shown in Fig. 1 .
In the molecular function category, the three most represented functional classes are 'protein binding' (15%), 'other enzyme activity' excluding 'ligase, transferase, kinase, lyase and hydrolase activity' (12%) and DNA/RNA binding (11%). Others are as summarised in Fig. 1a . The predominant functional group in the cellular components category belongs to 'other cellular components' (32%) followed by 'structural constituent of ribosome' (31%) and 'mitochondria' (12%), while other functional groups presented in the cellular components were less represented as shown in Fig. 1b . In the biological processes category, the largest portion of the functionally assigned ESTs is 'response to stress' consisting of responses to wounding, gibberellins stimulus, osmotic and cold (18%). The functional classes of 'other biological processes' (17%); 'metabolic process' including carbohydrate, protein and lipid metabolism (15%); and 'biosynthetic process' (15%) are also particularly well presented in this biological processes category. However, these three categories have overlapping sub-categories where the fragrance-related transcripts might be located.
With the establishment of VMPEST database, transcripts involved in flower development as well as fragrance biosynthesis pathway (not shown) were revealed ( Table 2 ). This VMPEST dataset has potential in facilitating the cloning of genes involved in fragrance biosynthesis pathway and also acts as a resource to access the functional diversity of vandaceous orchids.
Distribution of simple sequence repeats (SSRs)
In order to identify and develop microsatellite markers for Vanda Mimi Palmer the VMPEST generated in this study were analyzed using the simple sequence repeat identification tool (SSRIT), which is available at URL: http://www.gramene.org, to semi-automatically detect and identify SSR-containing sequences.
As shown in Fig. 2 , a total of 98 (9.4%) unigenes containing 112 SSRs with motif length in the range of two to six basepairs were detected. Among those EST-SSR, about 18% had more than one SSR motif. SSR with longer surrounding sequences are preferable for the generation of markers as they provide better understanding of the associated proteins.
Mining of simple sequence repeats (SSRs)
The frequency and length distribution of SSRs with diand tri-nucleotide motifs derived from VMPEST are presented in Fig. 3 while the occurrence of tetra-, pentaand hexa-nucleotide motifs that were less detected were listed in Fig. 2 . SSR loci were classified by repeat types and structure. Based on the length and its genetic marker potential, the microsatellites have been grouped into two categories: Class I (n C 20 nucleotides) and Class II (12 B n \ 20 nucleotides). The same classes of microsatellites were found by Temnykh [28] in rice. They found that the longer the SSR repeats, the higher the rate of polymorphism in transcripts was observed. This observation was correlated to higher mutation rate because of more frequent slipped strand mispairing between the chromosomes [29] . Thus, we predicted that a similar situation could have occurred in the SSR discovered from VMPEST. However, further analyses such as primer selection and screening are required to validate the results. Of the total number of SSRs detected from VMPEST, 99 (88.4%) belonged to Class II microsatellites and 13 (11.6%) to Class I. This showed that majority of the SSR-containing sequences were perfect repeats and this is similar to the SSRs mined from tea (Camellia sinensis L.) [30] . In this study, A-and T-rich signatures are the most common repeat motifs in SSRs. The findings observed in our study supported the findings of Lagercrantz [31] and Morgante and Olivieri [32] . Our SSRs consisted of 9.4% of the VMP unigenes. The main factors affecting the EST-SSR frequency are the length of repeats and the parameters or tools that are used to mine the SSRs from dbEST [30] . The occurrences of different repeat unit size SSRs (Fig. 2) showed that the di-nucleotide repeat (AT/TA) was the most frequent occurrence followed by tri-nucleotide (AAG/TTC, AGA/TCT). Other motifs were present with low abundance. Majority of the di-and tri-nucleotide motifs contained five to ten repeats. According to a comprehensive comparison of SSR frequencies between plant species by Kumpatla and Mukhopadhyay [33] , the 'AG/TC' motif was found to be the most frequent among plants. However, in some plant species like Pinus taeda, 'AT/TA' is the most frequent [34] . Blair et al. [35] found that the 'AT/TA' motif was more likely to be found in the 3 0 -end of the common bean (Phaseolus vulgaris) cDNA clones.
Di-nucleotide motifs were found to be dominant in Arabidopsis, Caenorhabditis elegans, tea and Drosophila [30, 36, 37] while in wheat, maize, rice, sorghum, yeast and human, tri-nucleotide repeats were more abundant in the EST-SSR pool instead [31, 38] . This could be due to the location of the mined EST-SSR mostly at the untranslated and non-coding regions. This finding is similar to the SSRs found by Riju [6] in oil palm (Elaeis guineensis) ESTs.
Conclusion
In summary, a VMPEST library was developed and the relative EST-SSR frequency was determined using in silico mining of the DNA sequences. The EST-SSR represents functional genes and thus the detected SSRs loci and microsatellite motifs that hit with fragrance-related genes in GenBank, are believed to be beneficial in the development of EST-SSR markers which can be applied in the screening and characterization of fragrance-related transcripts in related species. Fig. 2 Distribution of different SSR motifs (di-, tri-, tetra-, penta-and hexa-nucleotide) in the VMPEST unigenes Fig. 3 Observed numbers of microsatellites with di-and tri-nucleotide motifs in 1,196 VMPEST unigenes. Non-highlighted portions correspond to Class I simple sequence repeats (SSRs), n [ 20 nucleotides while highlighted areas correspond to Class II SSRs, 12 B n\20 (n is the number of nucleotides)
